Radiative lifetimes of six odd-parity levels belonging to the 5d 2 6p configuration of doubly ionized tantalum (Ta III) have been measured using the time-resolved-laser-inducedfluorescence technique. Supporting theoretical calculations, including core-polarization effects, have been performed to model configuration interaction and to estimate branching fractions. The excellent agreement between the theoretical and experimental lifetimes allows us to assess the reliability of the 206 calculated transition probabilities. It is expected that this new set of results will be useful to astrophysicists for the investigation of the chemical composition of stars.
Introduction
Determination of accurate radiative parameters for heavy atoms and ions, including those of the sixth row of the periodic table (from Hf to Rn), is a demanding and time-consuming challenge both on the experimental and theoretical sides. The present paper focuses on the particular case of doubly ionized tantalum (Ta III).
Neutral (Ta I) and singly ionized tantalum (Ta II) have been investigated in the spectra of chemically peculiar (CP) stars including χ Lupi (see, e.g., Smith 1984 , Lambert 1985 and Eriksson et al 2002 . According to the Saha ionization equilibrium equation, the second ionization stage of tantalum is also expected to be found in the stellar atmospheres of Ap and Bp stars.
The available data on energy levels, classified transitions, radiative data, hyperfine structures and isotope shifts of heavy elements (including tantalum) are not sufficient for the analysis of high-resolution astrophysical spectra. Ta III in particular suffers from the lack of accurate theoretical and experimental f-values or lifetimes. The only set of transition probabilities available in this ion is that reported by Azarov et al (2003) who calculated transition probabilities for the classified transitions appearing in the (5d 3 + 5d 2 6s + 5d6s 2 )-(5d 2 6p + 5d6s6p) transition array. Their calculations included only three odd and three even configurations, since the main purpose of their paper was to identify and classify the spectral lines. However, to provide accurate radiative parameters in heavy elements calculations must simultaneously include both relativistic and correlation effects in an extensive way. Part of the complexity in the calculations for the sixth-row elements results from the partial filling of the 5d shell. In order to mimic the configuration interaction adequately, a large number of configurations must be included in the calculations.
In this paper, we present the first measurements of radiative lifetimes for six odd-parity levels belonging to the 5d 2 6p configuration of Ta III, obtained with the time-resolvedlaser-induced-fluorescence (TR-LIF) technique. Relativistic Hartree-Fock (HFR) calculations, including core-polarization (CPOL) effects, have been performed to obtain the branching fractions of the different decay channels. The excellent agreement between theory and experiment observed for the lifetimes allows us to assess the reliability of the transition probabilities. Weighted transition probabilities (gA values) are also provided for the strong lines depopulating the investigated levels.
Experiment
In the present work we report on the lifetime measurements of six short-lived, odd-parity levels of Ta III obtained using TR-LIF spectroscopy on a laser-produced plasma. The TR-LIF technique has previously provided accurate lifetime in neutral (Fivet et al 2006a) and in singly ionized tantalum (Kwiatkowski et al 1984 , Bergström et al 1986 , Schade and Helbig 1986 , Langhans et al 1995 .
Details of the experimental setup used in the present experiment have been described elsewhere (see, e.g., Bergström et al 1988 and Xu et al 2003 , 2004 and only a brief description will be provided here. The tantalum ions were generated in a laser-produced plasma by focusing a 532 nm Nd:YAG laser pulse (Continuum Surelite) onto a rotating tantalum target. The density and temperature of the expanding plasma were easily controlled and adjusted by changing the pulse energy and beam size on the target. Atoms and ions were produced in the ground as well as in metastable states from where the investigated levels could be excited. An advantage of the experimental setup is that different ionization stages have different velocities and can therefore be separated by selecting an appropriate delay time between the ablation and the excitation pulses.
The excitation pulses have a duration of 1-2 ns. This is achieved by sending a frequency-doubled Nd:YAG laser pulse (Continuum NY-82) into a temporal compressor, based on stimulated Brillouin scattering in water. The Nd:YAG laser includes an injection seeding system which results in single longitudinal mode-pulsed output and improves significantly the laser energy stability. To generate the required excitation wavelengths, the compressed pulses Figure 1 . Recorded decay curve (crosses) of the 5d 2 6p, J = 5/2, E = 48 197.85 cm −1 level and the 1.5 ns wide exciting laser pulse (circles). Also shown is a fitted curve giving a lifetime of 2.6 ns.
were used to pump a dye laser (Continuum Nd-60). Using the DCM dye (4-dicyanomethylene-2-methyl-6-pdimethylaminostyryl-4H-pyran), excitation wavelengths in the range 191-211 nm were covered by nonlinear processes, such as frequency tripling using KDP (potassium dihydrogen phosphate) and BBO (beta barium borate, β-BaB 2 O 4 ) crystals and stimulated Raman scattering in a hydrogen gas cell (10 bar).
The excitation beam interacted with the tantalum ions about 1 cm above the target. The fluorescence, emitted from the excited levels, was collected by a fused-silica lens and focused onto the entrance slit of a 1/8 m monochromator, and then detected by a Hamamatsu 1564U micro-channel-plate photomultiplier tube with a rise time of 0.2 ns and a fall time of 0.6 ns. The signal was recorded with a transient digitizer with a time resolution of 0.5 ns.
In the measurements, the laser pulse and the fluorescence signal were recorded alternatively with the same detection system. A sample of a decay curve obtained for the level at 48 197.85 cm −1 is shown in figure 1 . The lifetime values were obtained by fitting a single exponential convoluted by the recorded pulse and a constant or linear background to the observed decay curve.
The excitation schemes used for the different levels as well as the experimental value of the lifetimes are reported in table 1. The quoted lifetimes in the table are averages from at least ten recordings. The error bars take into account the statistical uncertainties from the fitting as well as variations between the different recordings. The latter contribution was found to be dominant.
HFR calculations
Realistic atomic structure calculations in a heavy ion like Ta III require a simultaneous consideration of relativistic and correlation effects.
For reasons discussed in our previous papers (see, e.g., Biémont and Quinet 2003 and Biémont 2005) , the HFR approach (Cowan 1981 ) was adopted 2 6f 5f6f 2 to calculate the transition probabilities and the lifetimes considered in this work.
In fact, from comparison with fully relativistic methods, it did appear that this approach was flexible and well adapted to the present situation. Among the advantages, let us mention here the reasonable computer time, the ability to consider configuration interaction effects in a very extensive way, the accuracy of the results tested by comparison with experiment for many different heavy ions and atoms and the lack of convergence problems in the calculations.
The relativistic contributions included in the calculations are the Blume-Watson spin-orbit interaction, the massvelocity and the one-body Darwin terms. Valence-valence type interactions were considered by including in the configuration interaction expansions the configurations of table 2. We considered explicitly all the configurations of three valence electrons involving the 5d, 6s, 6p, 6d, 5f and 6f orbitals but we excluded, for computational reasons, the 5f 3 
model (including 5d
3 , 5d 2 6s, 5d6s 2 , 5d 2 6p and 5d6s6p) with seven-configuration calculations (adding 5f 3 and 6f 3 ), the effect on the lifetimes of the latter two configurations was estimated and found very small, the mean difference τ being smaller than 0.1%.
Core-valence interactions were taken into account through a polarization model potential and a correction to the dipole operator following a well-established procedure (see, e.g., Quinet et al (1999) ) giving rise to the so-called HFR + CPOL method. In the present context, we considered a 4f 14 core surrounded by three valence electrons. For the dipole polarizability, we adopted the value α d = 3.18 a.u. This value corresponds to a Ta VI ionic core and was found by considering the behaviour of α d along the erbium isoelectronic sequence (Fraga et al 1976) according to the procedure described by Palmeri et al (2005) . The cut-off radius used was the HFR mean radius of the outermost core orbital r c (5p) = 1.30 a.u.
In the fitting procedure, we used all the experimentally established levels from Azarov et al (2003) , i.e. 37 even-parity and 68 odd-parity levels. All the parameters related to the experimentally observed configurations have been adjusted to better reproduce the experimental levels. The standard deviations in the fitting procedures were 145 cm −1 and 191 cm −1 for the even and odd parities, respectively. The main components of the LS-coupling compositions and the calculated Landé g-factors were in reasonable agreement with the results of Azarov et al (2003) .
Due to space limitations, the calculated level values are reported only for the 31 levels situated below 70 000 cm −1 . The fitted parameters are given in tables 3 and 4.
To consider interactions with higher configurations, not explicitly reported in table 2, all Slater parameters not adjusted in the fit were scaled down by 0.85 while the spin-orbit parameters were kept at their ab initio values. This procedure is well established and has been frequently discussed in the past (Cowan 1981) .
The calculated lifetimes are reported in table 5 for the lowlying levels of the odd configurations. The theoretical results are in excellent agreement (within the quoted uncertainties) for all the six levels studied experimentally in the present work. The weighted transition probabilities (gA) for the strongest transitions depopulating the levels in table 5 are presented in Table 6 has been limited to the depopulation channels for which gA > 10 8 s −1 . Additional results, for the weaker transitions, will be available in the database DESIRE at the URL address: http://w3.umh.ac.be/∼astro/desire.shtml.
The comparison of our calculated gA with the theoretical values from Azarov et al (2003) shows systematic discrepancies, the latter gA values being consistently larger than our results by about 20%. More precisely, the mean ratio gA (Azarov et al)/gA (this work) is 1.23 ± 0.12 for gA > 10 9 s −1 . This systematic difference arises from the fact that Azarov et al (2003) have not considered the core-polarization effects. It is also observed that the discrepancy becomes larger for weaker lines. This is related to the fact that less configuration interaction has been included in the calculations of Azarov et al (2003) and the weak transitions are obviously more sensitive to such mixing effects.
